Xanthomonas perforans is the predominant pathogen responsible for bacterial leaf spot of tomato 1 1 and X. euvesicatoria of pepper in the southeast United States. Previous studies have indicated 1 2 significant changes in the X. perforans population collected from Florida tomato fields over the 1 3 span of two decades including a shift in race, diversification into three genetic groups, and host 1 4 range expansion to pepper. Recombination originating from X. euvesicatoria was identified as 1 5 the primary factor driving the diversification of X. perforans in Florida. The aim of this study 1 6 was to genetically characterize X. perforans strains that were isolated from tomato and pepper 1 7 plants grown in Alabama and compare them to the previously published genomes available from 1 8
the importance of homologous recombination in facilitating the emergence of novel X. perforans 1 0 0 lineages has been established (18, 19) , the extent of genetic exchange across the larger X. within SC4 (Group 3). This genetic cluster branched from SC5, which was composed of two 1 3 5
Alabama strains (AL33 and AL37) isolated from tomato plants. 24 T3SEs were conserved among the Xp strains sequenced in this study (Table 2 ). These results (20), except for xopE2, which was carried by only three strains (AL33, 1 4 2 AL37, and ALS7E) sequenced here and was present in contigs which displayed 100% identity to 1 4 3 plasmid pLH3.2 (NZ_CP018476.1) from Xp strain LH3. These contigs also contained genes 1 4 4 encoding for copper resistance including copA, copB, copF. Strains AL33, AL37, and AL57 1 4 5 carried an intact copy of the avirulence gene avrXv3, which was disrupted by an insertion 1 4 6 sequence in the other Alabama strains. The inability of the latter strains to induce an HR in the 1 4 7 pepper cv. Early Cal Wonder (ECW) confirmed the non-functionality of avrXv3, while the 1 4 8 former stains with the intact allele elicited an HR in ECW (Table 2) . Several other variable T3SEs were identified among the Alabama strains along with 1 5 0 evidence of their presence in putative plasmids. The T3SEs xopAQ and disrupted copy of xopE3 1 5 1 were present in strains AL37 and AL57, while absent from the genome assemblies of other 1 5 2 Alabama strains. These effectors were present in the same contig assembled by plasmidSPAdes evidence was obtained through inoculations in pepper cv. ECW30R, which resulted in a 1 6 9 hypersensitive resistance ( Table 2 ). The contigs assembled by plasmidSPAdes and BLAST 1 7 0 search results are presented in Table S2 . to anneal to conserved loci within the N-and C-terminal domains of the avrBs3 effector family produced an ~2.9 kb amplicon ( Fig S2) . Sanger sequencing of the amplicon utilizing internal database using the N-and C-terminal domains of the protein displayed 99 and 100% identity, Novel diversity within Xp emerged through recent recombination derived from 1 9 1 outside of the bacterial spot species complex. To examine patterns of homologous 1 9 2 recombination between Xp, Xeu, and other closely related Xanthomonas spp., a second core 1 9 3 genome alignment was constructed utilizing the strains sequenced in this study and respective 1 9 4 genome assemblies available from GenBank (n = 68). A maximum likelihood phylogeny 1 9 5 generated from the resulting 3.98 Mb alignment was largely congruent to the population 1 9 6 structure inferred by previous studies (18, 20) and showed Xp and Xeu branching from each other 1 9 7 into two distinct phylogenetic groups, while other related Xanthomonas spp. displayed considerably longer branch lengths and clustered into a paraphyletic group of strains. Analysis with FastGear software indicated the presence of three distinct lineages, which were defined as a 2 0 0 group of strains that shared a common ancestry in at least half of the alignment (3) and 2 0 1 corresponded to the three phylogenetic groups described above (Fig. 3A ). Xanthomonas spp. displayed evidence of extensive recent recombination, with an average (± 2 0 5 standard deviation) 19.00 ± 0.88% of the core genome predicted to be recombinant among the 2 0 6 individual strains. A considerable amount of recent recombination found within this group 2 0 7 originated from both the Xp and Xeu lineages (7.31 and 5.90% of the alignment respectively); 2 0 8 however, the proportion of gene flux from each donor lineage was somewhat variable at the 2 0 9 strain level (standard deviations of ± 2.16 and ± 1.19% for Xp and Xeu respectively). Interestingly, approximately a third of the recombinant sequences detected in this lineage (5.90 ± 2 1 1 2.33% of the alignment) were predicted to have originated from outside of the sampled 2 1 2
Xanthomonas population ( Fig. 4 ). through 3) were predicted to have originated from Xeu, whereas recombination events derived 2 1 6 from both Xeu and the lineage composed of various Xanthomonas spp. were detected in the 2 1 7 recently described, Group 3 Xp strains (designated here as SC4), as well as the Alabama strains 2 1 8 located in SCs 5 and 6. The average proportion of core genome donated from various 2 1 9
Xanthomonas spp. ranged from 1.51 to 2.79% among these groups and was the primary donor of among the Xp sequence clusters ranging from 1.41 ± 1.70% in SC1 to 9.64 ± 0.00% in SC5 ( Recombination hot-spots are characterized by pathways involved in the 2 2 5 acquisition/metabolism of plant-derived nutrients and motility. We investigated seven 2 2 6 recombination "hot-spots" within X. perforans based on the frequency of recombination events 2 2 7 at a particular site in the core genome alignment (Fig. 3C ). Hot-spots (ii), (vi), and (vii) mapped 2 2 8 to loci with genes involved in carbohydrate and amino acid metabolism including a 2 2 9 xyloglucanase, lysR-type regulator of galactose metabolism (gamR), transketolase, a symporter 2 3 0 of protons/glutamate (gltP), and a glucokinase. All of these genes were adjacent to at least one 2 3 1 TonB-dependent receptor (TBDR) while a fourth TBDR locus, hot-spot (i) contained the 2 3 2 flagellar motor components motA and motB. It was therefore interesting to find the entire TonB- to colicin V production protein cvpA (iv). Finally, while not necessarily present in hot-spots, we 2 3 6 noted that most of the genes which encode for the Xps type II and type VI secretion systems 2 3 7 were recombinant among strains from SCs 3 and 1, respectively. Upon introduction of X. perforans (Xp) to Florida tomato fields in 1991, the bacterial 2 4 0 species has undergone several changes over the past two decades including overtaking X. 2 4 1 euvesicatoria (Xeu) as the predominant pathogen of tomato, a shift in race associated with null 2 4 2 mutations affecting the type 3 secreted effector avrXv3, and divergence into three different 2 4 3 phylogenetic groups (12, 19, 20, 25) . Until the isolation of a single Xp strain from an infected was thought to be restricted to tomato. Here, we report for the first time the genomes of several Xp strains that were isolated from naturally infected pepper plants grown in Alabama as well as 2 4 7 four strains isolated from tomatoes in the state (Table 1) .
4 8
Maximum likelihood reconstruction of the Xp core genome revealed the presence of 1 3 these two sequence clusters carried an intact copy of the avirulence gene avrXv3, which as has 2 7 0 not been observed in the Xp population surveyed in the Florida since 2006 (14, 20) . Interestingly, 2 7 1 the avrXv3 allele found in the strains sequenced here differed from other available sequences by 2 7 2 two amino substitutions located at both the N-and C-terminal domains of the protein (data not 2 7 3 shown); however, these mutations did not allow for avrXv3 to escape host-recognition (Table 2 ). Strains AL57 and AL37, of SCs 4 and 5 respectively, also carried a TALE which 2 7 5 belonged to the avrBs3/avrBs4 family of effectors commonly found in X. euvesicatoria and X. it was surprising to find an effector from this family in strains isolated from tomato as avrBs4 avrBs3 does not elicit a hypersensitive response, it is likely a negative factor (28). We confirmed 2 8 0 that the Xp strains carrying this effector did not induce a Bs4-mediated resistance in tomato cv. Moneymaker and grew to high populations, comparable to strains devoid of TALEs, in tomato 2 8 2 cv. Bonny Best (Fig 2) . Analysis of the repeat variable di-residues supported these observations 2 8 3 and showed that the predicted binding specificity of the gene was divergent from other TALEs 2 8 4 recorded in Xanthomonas spp., suggesting the evolution of this effector to avoid Bs4-mediated 2 8 5 recognition. As the gene could not be assigned to the same class as any TALE for which 2 8 6 sequence data was available, we propose the name pthXp1. Interestingly, we also noted evidence as that of the Xp and Xeu lineages (Fig. 3A) , it is possible that these contrasting evolutionary 3 0 2 patterns may reflect adaptation to diverse hosts. recombination to Xp (Fig 3B) . Each of the SCs inferred within this lineage were affected by 3 0 5 recent recombination to varying degrees (Fig. 4) , which correlated with the branch lengths 3 0 6 observed in the core-genome phylogeny (Fig 1) . Interestingly, the recent emergence of SCs 4, 5, 3 0 7 and 6 was associated in-part with the acquisition of recombinant sequences from the lineage 3 0 8 composed of various Xanthomonas spp., which were absent from the Xp strains found to 3 0 9 predominant in Florida prior to 2015 (SCs 1 through 3; Fig. 4) . Surprisingly, this lineage was the 3 1 0 primary donor of recent recombination to the pepper pathogenic strains of SC6, for which only a 3 1 1 minor proportion of the core genome (4.18%) carried signals of homologous recombination. This contrasted with the pepper pathogenic strains of SC3, which acquired ~8.10% of the core- genome from Xeu (Fig. 4) and suggests that the evolution of pathogenicity to pepper among 1 5
Examination of recombination hot-spots within Xp revealed that several loci implicated 3 1 6 in the plant-pathogen interaction were frequently recombining (Fig. 3C ). Most of these 3 1 7 recombination tracts contained genes associated with nutrient acquisition/metabolism (gamR, 3 1 8 gltP, fhuE, a transketolase, and glucokinase) and motility (motC, motD), and were often adjacent 3 1 9
to at least one TonB-dependent receptor. This class of outer membrane receptor binds with high 3 2 0 specificity to a variety of macromolecules, including plant-derived carbohydrates and iron, and facilitates the active transport of substrates into the periplasm via the TonB transduction system 3 2 2 (33). It was therefore curious to note that the core components of this system (tonB1, exbB1, 3 2 3 exbD1, exbD2, and exbD3) were also present in a separate recombination hot-spot. One gene, bacterial genera and is essential for pathogenicity and induction of bacterial pectate lyase activity 3 2 6 (34, 35). Interestingly, we found that in addition to the TonB system, the entire Xps type II and virulence has been well established in Xeu (36-38). Therefore, it is possible that the transport: do we only see the "tip of the iceberg"? Trends Biochem Sci 33:330-338. damage-associated molecular pattern from plant cell walls exposed to Xanthomonas campestris ALS7E  AL33  AL37  AL57  ALS7B  AL1  AL65  AL66  ECW a  C  HR  HR  HR  C  C  C  C  ECW30R a  C  HR  HR  HR  C  HR  HR  HR  avrXv3 IS MoneyMaker with Bs4 resistance. Tomato leaves were infiltrated with a bacterial suspension raised to 10 8 CFU ml -1 . A hypersensitive resistance is indicated by the appearance of collapsed/necrotic leaf tissue, 24h after inoculation. (C) Bacterial growth of X. perforans strains with (AL37 and AL57) and without (Xp17-12 and AL33) pthXp1, in tomato cv. BonnyBest.
Plants were infiltrated with a bacterial suspension raised to 10 4 CFU ml -1 . Four replications were included for each treatment and the experiment was carried out twice with similar results. No significant differences in growth were observed four days after inoculation (P < 0.05). based on a core genome alignment of 3.98 Mb. The sequence clusters inferred within X.
perforans (see Figure 1 ) are labeled at the nodes and the strains sequenced in this study are highlighted in red. Lineages predicted by FastGear software are color coded to the right of tree. perforans strains with and without pthXp1 and X. euvesicatoria strain 87-7 with avrBs4 in tomato cv. MoneyMaker which has Bs4 resistance. Tomato leaves were infiltrated with a bacterial suspension raised to 10 8 CFU ml -1 . A hypersensitive resistance is indicated by the appearance of collapsed/necrotic leaf tissue, 24h after inoculation. (C) Bacterial growth of X. perforans strains with (AL37 and AL57) and without (Xp17-12 and AL33) pthXp1, in tomato cv. BonnyBest. Plants were infiltrated with a bacterial suspension raised to 10 4 CFU ml -1 . Four replications were included for each treatment and the experiment was carried out twice with similar results. No significant differences in growth were observed four days after inoculation (P < 0.05).
Figure 3.
Landscape of homologous recombination across the X. euvesicatoria species complex. (A) Phylogeny of 67 X. perforans, X. euvesicatoria, and strains of related Xanthomonas species based on a core genome alignment of 3.98 Mb. The sequence clusters inferred within X. perforans (see Figure 1 ) are labeled at the nodes and the strains sequenced in this study are highlighted in red. Lineages predicted by FastGear software are color coded to the right of tree. (B) Patterns of recent recombination across the core genome of X. perforans, X. euvesicatoria, and related Xanthomonas species. Colors indicate donor lineage of the recent recombination events and the line graph above shows the frequency of recombination within X. perforans at a particular site in the alignment. Recombination events originating from outside of the sampled Xanthomonas population are shown in red. (C) Gene content of core genome loci with elevated recombination frequency (numbered i to vii) within X. perforans. Genes are color coded-coded according to their annotation, with hypothetical proteins shown in purple. Gene names/functional annotations are shown where available. The abbreviation, TBDR, indicates a putative TonB-dependent receptor. Figure 4 . Summary of the proportion and origin of recent recombination among lineages within X. euvesicatoria species complex, as predicted by FastGear. The phylogroup designation of the X. perforans sequence clusters (SCs) as described in previous studies are shown in parentheses (19, 20) . Outside of X. euvesicatoria group shows the proportion of recombinant sequences donated from outside of the sampled Xanthomonas population. The error bar indicates that standard deviation of the mean.
